We report the fabrication of crystalline microresonators of high quality (Q) factors with a controllable wedge angle on lithium niobate on insulator (LNOI). Our technique relies on a femtosecond laser assisted chemo-mechanical polish, which allows us to achieve ultrahigh surface smoothness as critically demanded by high Q microresonator applications. We show that by refining the polish parameters, Q factors as high as 4.7 × 10 7 can be obtained and the wedge angle of the LNOI can be continuously tuned from 9 • to 51 • .
Introduction
Whispering gallery microresonators (WGM) are miniaturized optical cavities where light waves can travel along the circular periphery with extremely low propagation losses by means of total internal reflection at the glass-air interface. So far, WGMs have been realized in various kinds of transparent materials such as liquids, polymers, glasses, semiconductors, and dielectric crystals [1] [2] [3] . The physical and/or optical functionalities demonstrated with WGMs include lasing, filtering, nonlinear wavelength conversion, optomechanics, and cavity electrodynamics, to name only a few [4] [5] [6] [7] [8] [9] . Currently, it is of high interest to realize on-chip integration of the WGMs with other photonic micro-and nanostructures. The material platforms suitable for photonic integration application include traditional semiconductors for their fabrication compatibility with the complementary metal oxide semiconductor(CMOS) approach and the emerging lithium niobate on insulator (LNOI), thanks to the rapid development of innovative solutions to produce high quality LNOI photonic structures [10] [11] [12] [13] [14] [15] .
Very recently, we have demonstrated the fabrication of high Q LNOI microdisk resonators using chemo-mechanical polish lithography [16] [17] [18] . The Q factor was measured as 1.46 × 10 7 at a wavelength of around 773 nm. As a typical feature of chemo-mechanical polish, the fabricated microdisk showed an extended wedge at the rim of a wedge angle of~9.5 • . High Q microresonators have been used to demonstrate electric tunable optomechanics [19] . Nevertheless, for most WGM applications, it is Nanomaterials 2019, 9, 1218 2 of 7 always desirable to improve the Q factor and to have the capability of controlling the dispersion property with a tunable wedge angle. This provides a strong incentive for us to carry out systematic investigations into the optimizations of the Q factor and wedge angle by refining the fabrication parameters, which will be shown in detail below.
Experimental Details
In our investigation, the LNOI microdisks with variable diameters and wedge angles were produced on a commercially available X-cut LNOI wafer (NANOLN, Jinan Jingzheng Electronics Co. Ltd. Jinan, China). The lithium niobate (LN) thin film with a thickness of 900 nm was bonded to a 2 µm-thick SiO 2 layer supported by a 500-µm-thick LN substrate.
As shown in Figure 1 , the fabrication process includes four steps as briefly described as follows. (1) Deposition of a thin layer of chromium (Cr) with a thickness of 600 nm on the surface of the LNOI by magnetron sputtering. (2) Patterning of Cr film using femtosecond laser ablation. (3) Removing the uncovered LNOI by chemo-mechanical polishing. (4) Chemical wet etching to remove the Cr mask. The pulse energy of the femtosecond laser was carefully adjusted to enable the complete removal of the Cr film without damaging the underneath LNOI because the damage threshold of the LNOI is significantly higher than Cr under the irradiation of femtosecond laser pulses. The details in the femtosecond laser ablation are provided herein. We used a femtosecond laser with a center wavelength of 1030 nm and a pulse width of 170 fs (PHAROS, LIGHT CONVERSION) for patterning the Cr film at the average power of 0.1 mW. A 100× objective lens (M Plan Apo NIR, Mitutoyo Corporation, NA0.7, Kawasaki, Kanagawa, Japan) was used to produce a tightly focused spot of~1 µm in diameter.
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In the CM polishing process using a wafer-polishing machine (NUIPOL802, Kejing, Inc.Hefei, China), the wedge angle can be controlled by changing the duration of the polishing process. More details of CM polishing can be found elsewhere [16, 17] . Figure 2a shows a LNOI microdisk fabricated using a SiO2 slurry with a particle size of ~20 nm. The close-up view of the area indicated by the red rectangular frame is shown in Figure 2b , presented a smooth surface morphology in the optical micrograph. Figure 2c presents the atomic force microscope (AFM) image of the polished surface by which an ultralow surface roughness of Rq ~0.115 nm could be determined. The surface roughness was significantly lower than that reported in our Figure 2a shows a LNOI microdisk fabricated using a SiO 2 slurry with a particle size of~20 nm. The close-up view of the area indicated by the red rectangular frame is shown in Figure 2b , presented a smooth surface morphology in the optical micrograph. Figure 2c presents the atomic force microscope (AFM) image of the polished surface by which an ultralow surface roughness of Rq~0.115 nm could be determined. The surface roughness was significantly lower than that reported in our previous work (Rq~0.452 nm) due to the fact that the slurry with a particle size of~60 nm was used previously [16] .
Results and Discussion
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To conclude, we demonstrated the optimization of the Q factor and wedge angle of LNOI microdisk resonators fabricated by femtosecond laser assisted chemo-mechanical polish. We achieved, to the best of our knowledge, a record-high Q factor of 4.7 × 10 7 by improving the surface smoothness and optimizing the diameter of the LNOI microdisk resonator. We showed that the wedge angle of the LNOI could be continuously tuned from 9 • to 51 • without spoiling the Q factor, which is critical for nonlinear optical applications as the dispersion curve in the microdisks is a function of the wedge angle. Thus, our results have important implications for applications ranging from classical and non-classical light sources to optical comb generation and optomechanics.
